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I. INTRODUCTION 
A. Overvlow 

X-ray measuremeitts provide the most direct probes of astrophysicaX 
environments with temperatures exceeding lO” K. Since the initial discovery 
of extra-solar X-rays in 1962 (Giacconl et al . 1962) X-ray astronomy has 
evolved from a novelty to a major branch of astronomical research, reaching, 
with the launch of the HEAO-2 (Einatein) satellite in 1978, an imaging 
(<10 sec) and photometry (~l nJy) capability comparable to those in the 
radio and optical wavebands. 

Progress in experimental research utilizing dispersive techniques (e.g. 
Bragg and grating spectroscopy) has been considerably slower than that in areas 
utilizing photometric techniques, because of the relative Inefficiency of the 
former for the weak X-ray signals from celestial sources. As a result, the 
term "spectroscopy" as applied to X-ray astronomy has traditionally satisfied a 
much less restrictive definition (in terms of resolving power) than it has in 
other wavebands. Until quite recently, resolving powers of order unity were 
perfectly respectable, and detectors with resolving power R " E/AE ^ 10 still 
provide (in most oases) the most useful spectroscopic data. 

In the broadest sense. X-ray photometric measurements are spectroscopic. 
Insofar as they represent samples of the overall electromagnetic continue 
of celestial objects. The very detection of galactic X-ray sources, with 
luminosities ^10^^ ergs/s, established their effective temperatures at ^10^ K 
even before they were individually identified. Rocket-borne proportional 
counter detectors with unit resolving power allowed data fits to simple spectral 
forms; the brerasstrahlung fit over 2*-l0 keV to the data from Sco X-1, for 
example, was extrapolated down to the optical to identify this brightest X-ray 
source in the sky with an undistinguished blue star (Sandage et al . 1966) . 
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Improved proportional counters with R w 7 in rocket-borne experiments measured 
the first X-ray emission lines (Fe-K at ~7 keV) from Gas A (Serlemltsos et al . 1973) 
and Cyg X-3 (Serlemltsos et al . 1975) t Similar detectors flown on earth-orbiting 
satellites in the J970's found Fe-K emission to be characteristic of many X-ray 
binaries (e.g, Fravdo 1979), as well as X-ray emitting supernova remnants and 
clusters of galaxies. With detector responses extended out to tens of keV this 
technology was able to characterise the X-ray continua of the diverse varieties 
of galactic X-ray sources over a dynamic range >10 (e.g. Holt 1980a). 

The HEAO-1 spacecraft contained proportional counters large enough to 
interrogate fainter sources. Seyfert nuclei could now be studied in numbers 
sufficient enough to determine class properties, and their spectra turned out 
to be remarkably similar (Mushottky et al . 1980). At higher energies (^80 keV) 
soine of the brighter active galactic nuclei were detected (e.g. Baity et al . 

1981), with spectra consistent with extrapolation of their 2-50 keV spectral 
forms. The UEAO-1 experiments also investigated spectra at lower energies 
(i.e., down to ~100 eV) with ultra thin-window proportional counters, enabling 
the detection of lower temperature emission components (*vio*^ K), in particular 
from stellar coronae and cataclysmic variables (e.g. Garmire 1979). 

The second HEAO spacecraft, now known as the Einstein Observatory, provided 
qualitative breakthroughs in both photometric and spectroscopic X-ray astronomy 
(Giacconi et al . 1979a). Operating at relatively long X-ray wavelengths (~0.1- 
4 keV) because of its utilization of grazing incidence optics, the imaging capa- 
bility of Einstein provided detection sensitivities a thousand times better than 
previously achieved. Almodt every type of star in the galaxy became measurable 
in X-rays, and the catalog^of X-ray quasars increased a hundred-fold from the 2 
or 3 that were previously detectable. The array of instruments on Einstein 
included spectrometers with complementary attributes; a high-efficiency. 


modecate reoolvlng power ('^15) photoelectric detector, and two lower efficiency 
dispersive Instruments with much higher resolving power (~100). Both types have 
successfully detected emission lines. 

The recent cessation of the operation of Einstein has created a temporary 
hiatus on the availability of new K^ray data in general, and new spectroscopic 
data in particular. This review takes stock of the current and anticipated 
near-term capabilities of X-ray spectroscopic instrumentation in terms of 
their application to the roost pressing scientific issues. 

B. Instrumental Considerations 

Virtually all pre -Einstein X-ray spectroscopy Ims been performed with 
proportional counters, which have a resolving power limited to R ~ 3(E/1 keV)^^^ 
by the nature of the atomic Interactions in the counter gas following the 
primary photoabsorptlon . The gas scintillation proportional counter (e.g. 
Peacock et al . 1980) promises to improve this resolving power by a factor of 
~2. Higher resolving powers in nondlspersive devices cati be achieved by using 
semiconductors instead of gas as the detector medium. The most successful 
such Instrument so far has been the Einstein SSS (‘^olid state spectrometer), a 
cryogenically cooled silicon chip with resolving power R~ 6 (E/1 keV). Like 
other charge collecting proportional counters, the SSS has a photoelectric 
detection efficiency approaching 100%. 

Dispersive devices, of which the Einstein FPCS (focal plane crystal 
spectrometer, with R ~ 60 to 700), and OGS (objective grating spectrometer, 
with R~ 30), are prototypes for future Instrumentation, and can be designed 
to have R ~ 10 or better at the expense of broadband efficiency. Such 
instruments will require substantially larger collecting areas to obtain 
useful signals from most sources. 
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Ordlnactly we shall characcerize X~ray spectra by F(E) in units o£ ergs cm 
keV"^ thus, power law spectra, F(E) « E~®, will be characterized by the 
energy spectral index, a, used conventionally in radio astronomy* The problem of 
translating from counts detected in a spectrometer to such a source spectrum is 
not trivial, and it is important to recognize that the interpretation of an 
observation depends on the procedure that is employed. The raw data are a 
convolution of the actual photon spectrum with the response function of the 
detector, but their inversion to a derived input spectrum is not unique. The 
conventional inversion (e.g., Holt 1980a), is a model-dependent procedure that 
requires the observer to have some a priori knowledge of the actual spectral 
form, so that its shape can be characterized by a limited number of adjustable 
parameters. Typical fitting parameters are amplitude and shape of continuum 
(usually characterized by a power law with a high energy exponential cutoff), 
strengths (and possibly energies) Of emission lines and photoelectric absorption 
edges, and low energy photoabsorption by Intervening cold matter (e.g., Fireman 
1974). Simulated detector count spectra are computed from the assumed photon 
spectral forms, and the model parameters are varied to achieve the best fit to 
the actual detector counts. With this procedure, spectral features blurred by 
the detector response can be enhanced for display, as illustrated in Figure 1. 

The hazard of this procedure is that unanticipated features in the actual photon 
spectrum are forced to be represented by the model fitting parameters, so that, 
for example, an intrinsically broadened emission line might appear as a doublet 
if only sharp lines were anticipated, etc. 

Model-independent inversion procedures exist that allow less subjective 
representations of the source spectrum (e.g., Holt 1980a), but a model must 
ultimately be employed in order to relate spectral features to parameters 
associated with physical processes. 
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II. OPTICALLY THIN THERMAL SOURCES 
A. Physical Processes 

In many astrophysical contexts, an X-ray-emlttlng plasma la sufficiently 
transparent that the emergent spectrum faithfully represents the microscopic 

O 

emission process occurring in the plasma* At temperatures T ^ 10 K» almost all 
abundant elements in a cosmic plasma are fully ionized, and the X-ray emission 
is dominated by bremsstrahlung from hydrogen and helium, giving a spectral 
emlsslvlty j(E) « n^E”*^*^ exp(-E/kT) ergs cro”^ s”^ keV“^ (Ryblckl and Lightman 
1979). However, at lower temperatures trace elements retain a few atomic 
electrons, and their contribution to the emlssivity cannot be ignored. Because 
cross sections for electron impact excitation of such ions far exceed those for 
bremsstrahlung or radiative recombination, line emission from Z ik 8 constituents 
actually dom’^nates the cooling from plasma with 10^ < T < 10^ K, even though 
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these trace elements represent only ~10 of the plasma composition by number. 

A theoretical model is needed to infer physical parameters such as 
temperature, element composition, and density from the observed spectrum of an 
optically thin plasma (cf. McCray 1982). To construct such a model requires 
knowledge of the ionization state of each trace element, wlilch is controlled 
by electron impact ionization and radiative and dlelectronlc recombination. If 
the plasma is maintained at constant temperature and density for a long time 
compared to the timescales for these microscopic processes, the ionization of 
trace elements relaxes to a stationary state that depends primarily on electron 
temperature and weakly on density. This stationary ionization balance assumption 
was first employed to interpret the solar, corona and many such "coronal models" 
have been calculated. The most recent calculations of the stationary ionization 
balance are those by Shull and Van Steenberg (1982), and of the X-ray emlssivity 
are those by Shull (1981). An exemplary spectrum is shown in Figure 2. 


Such ipcctra are rich In emission lines and offer the opportunity to 
deduce many properties of the emitting gas when sufficient resolving power and 
sensitivity are available • The main emission complexes from transitions of 
hellum-llke and hydrogenlc Ions of abundant elements such as 0| Ne, Mg, SI, S, 
Ar, Ca, and Fe become distinct with R ^ 10. A temperature may be Inferred from 
the relative strengths of the hellum-like and hydrogenlc lines from a given 
element, but its validity depends on that of the stationary Ionization balance 
assumption. A measure of temperature Independent of that model assumption 
may be obtained from ratios of transitions of a single Ion If there Is 

sufficient sensitivity to measure the generally weak Kp feature. With R ^ 100 
a variety of more powerful temperature and density diagnostics become available. 
"Satellite lines" resulting from dielectric recombination appear with photon 
energies slightly less than those of the resonance lines, and may be used as 
temperature diagnostics (Pubau et al . 1981). The complexes of hellum-llke 
ions break up Into resonance (2^P), Intercombination (2^P) and forbidden (2^S) 
components, the relative strengths of which can be used to Infer electron 
temperature and density (Pradhan and Shull 1981). 

Coronal models may be used to infer the element abundances and electron 
temperatures of X-ray sources by fitting the theoretical models convolved 
through the detector response with the data as described in SI.B. With enough 
model parameters an acceptable fit to the data Is virtually guaranteed. 

However, two Important caveats must be kept in mind in Interpreting these 
results. The first is that the derived parameters are valid only Insofar as 
the model assumptions are correct; as we shall see In the remainder of this 
paper, such coronal models are Inappropriata to most categories of celestial 
X-ray sources. The second caveat concerns the accuracy of the atomic physics 
that goes Into the theory. Because few of the relevant atomic rate coefficients 


are known expcrtroontalXy, we muefc rely largely on theoretical calculationat 
Thus, abundance determinations based on X-'ray emiauion line ratios are no more 
accurate than the approximate theoretical rate coefficients for the emitting 
ions, which may differ from the true rates by factors ~3. 

B. Intergalactlc Gas in Clusters 

Perhaps the best astrophysical application of the coronal model is to 
clusters of galaxies (Bahcail and Sarazin, 1978), Here the transparency of 
the gas to its own radiation is assured (i.e., " o^n^R 10”^), and the 
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dynamical timescale of the gas approaches 10 years, much longer than the 
characteristic recombination timescale. 

The X-'ray spectra of all clusters are dominated by bremsstrahlung with 

g 

T 10 K (Mushotzky et al. 1978a), which must certainly arise in a hot 
intergalactlc gas. Recent X-ray Imaging data from Einstein have confirmed the 
diffuse nature of the emission from clusters (Forman and Jones 1982), although 
individual galaxies (especially giant galaxies near the cluster centers) 
contribute to the X-radiation as well. The temperature of the dominant 
spectral component correlates with the traditional measures of the cluster 
gravitational potential t the velocity dispersion of galaxies (but cf. Sarazin 
1982), and the central galaxy density (Smith et al . 1979). 

The discovery of Fe-K-emlsslon with proportional counters provided a 
crucial clue to the origin of the cluster gas. Because the coronal spectroscopic 
model should be appropriate to first order, .the uncertainty In the Inferred 
abundance should be limited by the atomic physics rather than the precision 
of the fit to the data. Virtually all clusters (e.g.. Fig. 1) yield fits 
requiring an Fe abundance of approximately half-solar (referred to hydrogen), 
which implies that the cluster gas must have been processed through stars, and 
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removed Ccom the galaxies by the action of supernovae or by ram-pressure- 
stripping as the galaxies passed through the intracluster gas (Sarazin 1982). 

While an isothermal idealization of the cluster gas adequately describes 

g 

the two most pronounced spectral features, i.e., the ~ 10*^ K continuum and the 
Fe-K emission, the physical situation requires closet examination. Gas this 
hot and rarefied radiates very inefficiently, so that an adiabatic approximation 
to the cluster gas in the gravitational potential of the cluster might be more 
appropriate. Polytropic models with arbitrary index generally cannot fit the 
X-ray data better than isothermal models, but interesting fits can be obtained 
if the polytropic index is allowed to be a function of distance from the center 
(e.g. White and Silk 1980). 

The most significant departure from an Isothermal spectrum is a low- 
energy excess, generally more pronounced in the more centrally condensed 
clusters, vdiich can be fitted with a lower-temperature isothermal component. 

The cluster models of Cowle and Binney (1977), Fabian and Nulsen (1977) and 
Mathews and Bregman (1978) all infer increased cooling in the cluster cores as 
a result of the Increased density, providing a possible explanation for the 
low-energy excess observed in proportional counter cluster spectra. The 
discovery of 0 VIII emission from M87 with the Einstein FPCS validated the 
identification of this low energy excess with a lower-temperature component 
(Canizares et al. 1979). Einstein SSS cluster data require Si XIII and S XV 
lines wi,th the appropriate cluster redshlft in order to achieve formally 
acceptable fits (Holt 1980b). The data are generally not good enough to 
require a model more refined than two Isothermal components. 

Typically, the emission measure in the dominant high temperature component 
represents a hot gas containing ~10% of the cluster virlal mass, and the cooling 
region has an emission integral <10% of the high temperature component. If we 
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assumd pressure equilibrium between a central isothermal component and the 
surrounding hotter cluster gas, the SSS data from the Persius cluster give a 
core size of -^lO kpc and cooling time of ~10^ yr; it is interesting to note that 
the former is consistent with the "stagnation radius" in the Cowie and Binney 
model, and the latter implies that the mass of HOC 1275 can be accumulated by 
such accretion at the cluster center over a Hubble time (Mushotzky et al . 1981a) • 

C* Stellar Coronae and Winds 

The X-ray photographs from Skylab of the solar corona demonstrated that 

the solar X-ray emission did not arise in a homogeneous corona, but was instead 

confined to loop structures. This was true for the relatively quiescent 

coronal emission as well as th/r«*. associated with solar flare active regions. 

The loop struetures appeared to satisfy a relation derived by Rosner, Tucker 

and Valana (1978) for the maximum extent into the corona, L, of the loop above 

its footpolnts in the transition region. In the limit wliere L is small compared 

3 -1 

to a pressure scale height, L « 5 T^ p , where L is measured in solar radii, 

7 -2 

Ty in units of 10' K, and p in dynes cm . 

The discovery of X-ray emission from RS CVn variables with the HEAO-1 
proportional counters (Walter et al. 1980) provided a natural application 
for this model. The active components of RS CVn systems are somewhat later 
in spectral type than the Sun, and show optical flare-active regions which 
approximately co-rotate with the binary period of the system (Hall 1976). The 
similarity to solar flare active regions and the observed '^10'^ K temperatures 
(far exceeding the escape velocities of the stars) virtually demand magnetic 
confinement for the X-ray-eralttlng plasma. 

X-ray spectral measurements by the Einstein SSS validated the coronal 
model assumptions with the measurements of Si and S K-eralssion and Fe L- 


emi 0 iion from Capella having near-soXar abwndancea (Holt at al. 1979)} the 
ineasureinents generally re<j'ilred two temperature componenta for an adequate 
fit to the spectra of late stats In binary systems (Swank et al . 1981). 
Interestingly, the eight systems reported by Swank et al. could all be fit 
with components T 4 10^ K and T ~ 10® K, but the relative emission measures 
In the two components varied considerably from system to system. For typical 
pressures, the lower temperature component correlated reasonably well with 
active regions confined to the stellar surface, while the higher temperature 
component was consistent with loop structures connecting the two components of 
the binary system (Swank et al . 1981). 

Einstein has now observed X-ray emission from stars with positions all over 
the H-R diagram (except for red giants; see Valana et al . 1981). Soft X-ray 
emission (log T ~ 6.5) has beer* detected from many Of stars and OB supergiantB, 
with " 10"^*^ (Long and White 1980} Pallavlcinl et al . 1981; Casslnelli 

et al . 1981). Such stars have strong, relatively cool (log A. 5) stellar 
winds. That these stars might be X-ray sources had been predicted (Casslnelli 
and Olson 1979) in order to explain the presence of highly Ionized species such 
as 0 VI In their UV spectra. The X-ray temperatures are typically too low to 
exhibit emission features to which the Einstein SSS Is sensitive, but the absence 
of soft X-ray cutoffs in the spectra (Stewart and Fabian 1981) shows that the X- 
ray source cannot be a corona located at the base of the wind, but Instead must 
have components distributed throughout the wind (Casslnelli and Swank 1982). 

D. Supernova Remnants 

Supernova explosions are believed to be the primary mechanism for the 
production and dispersal of heavy elements Into the Interstellar medium (ISM) 
and for the origin of cosmic rays (Shklovsky 1968). They also play a major 
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tole in tlw dynamics of the ISM (McCray and Snow 1979). Ihe quest to 
understand these processes has driven the development of research in many 


areas of astronomy, including K-ray spectroscopy. 

Excluding sources like the Crab Nebula, which contains a powerful non- 
thermal energy source In its interior, most supernova remnants (SNR) have a 
shell-like X-ray morphology that can be approximated In terms of a spherically 


synunetric blast wave (Sedov 1959; Taylor 1950). In this idealized model a 
supernova explosion ejects a few solar masses with kinetic energy 10^^ ergs 
into a homogeneous Interstellar medium with atomic density n^ (cm"^). After a 
few Centuries the mass of the shocked Interstellar gas exceeds that of the 
ejecta, and the radius of tl»e blast wave is given by R " t^^^ pc, 

where t^ « t/10^ yr. The gas is compressed to n 4 n^ in a shell of thickness ~ 
O.l R, and the post-shock ion kinetic temperature is given by kTj^ « 10(E5|/nQ)^^^ 
t^^^^ keV. 

Hellee (1964) calculated the brerasstrahlung X-ray continuum spectrum from 


such a blast wave. Tucker (1970) recognized that the emission would be 

i 

dominated by lines, and calculated broad-band X-ray emisslvlties of SNR by \ 

! 

assuming that the shocked gas radiated with a spectrum appropriate to a gas in 
coronal ionization equilibrium. Since the timescales for the dominant ions in 
the shocked gas to reach equilibrium exceed the age** of young SNR, realistic 
models for their X-ray emission spectra require simultaneous solution of many 
detailed ionization rate equations along with the hydrodynamical equations. ! 

Moreover, the timescale for electron-ion temperature equilibration by Coulomb 
collisions (Spltzer 1962) may be long enough that T^ < Tj, unless plasma 
instabilities reduce the equilibration timescale (McKee 1974). 


Recently, several authors (Itoh 1977,1978,1979; Gronenschlld and Mewe 
1982; Shull 1982) have constructed detailed models demonstrating that departures 
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frora Ionization equilibrium can have dramatic effects on the X-ray spectra of 
SNR. Therefore, accurate determination of element abundances In SNR will 
require the Incorporation of such departures Into the analysis of their X-ray 
spectra. Generally, In a SNR the elements will be lees Ionized at a ^ilven 
electron temperature than the coronal models Imply; as a result, the Intensities 
of the dominant X-ray emission lines from helium-llke ions will be enhanced. 
Increasingly so with Increasing atomic number. 

The Einstein SSS data from the young remnants Gas A, Tycho (Fig. 2), and 
Kepler (Becker et al . 1979a, J, 980a, 1980b) show clear evidence for depai^tures 
from Ionization equilibrium. In each case the observed ratios of hydrogenlc 
to hellum-llke lines of Si and S Imply Ionization temperatures kT^ ~ 0.5 keV, 
while fits to the >3 keV cgatlnuum require electron temperatUi*! kTg > 4 keV. 
This multiplicity of temperatures may result In part from a substantial 
additional contribution to the emission from cooler reverse-shocked supernova 
ejecta (McKee 1974; Itoh 1977, 1978, 1979; Chevalier 1982), and In part from 
departures from ionization equilibrium. Pravdo and Smith (1979), using 
proportional counter data from HEAO-l, measured X-ray continuum spectra of 
Gas A and Tycho to ~25 keV, Implying electron temperatures kT ~ 10 keV and 
suggesting more rapid electron-ion temperature equilibration than possible via 
Coulomb collisions alone. 

Abundances (relative to hydrogen) of the elements Si, S, Ar, and Ca 
Inferred from fits of coronal equilibrium models to the SSS data from Gas A, 
Tycho, and Kepler exceed the solar values by substantial factors. For 
example, the Inferred enhancements of Sl/H are ~2 in Gas A, ~4 In Kepler, and 
~6 in Tycho, and the enhancements of S, Ar, and Ca are progressively greater. 

On the other hand, the ratios Fe/H Inferred from the L-blend emission near 
1 keV are even less than the solar Value. The progressive Increase of the 


ejihanceinentB of SI, S, Ar, and Ca Inferred from K emission lines may be an 
artifice of the coronal equilibrium model. Indeed, this effect vanishes 
when the SSS data for Tycho are fit by Sedov blast wave models, in which the 
ionization Is calculated from non-equilibrium rate equations (Shull 1982; 
Szyinkowiak et al . 1982). Unlike the coronal equilibrium models, the non- 
equilibrium models can fit both the line and continuum data without requiring 
two separate temperature components. The abundances of Si, S, Ar, and Ca 
inferred in this way are still enhanced (by factors ~3-8) over the solar 
values, while the ratio Fe/H inferred from the L-blend is twice solar. The 
inferred ratio of Fe/si in Tycho is still <1, however. 

The combination of enl/anced Si/H and low Fe/S observed in the young SNR's 
Tycho and Kepler is puzzling In view of theoretical models suggesting that a 
type I supernova explosion should eject a substantial fraction of a solar mass 
of Fe-group material (Colgate and McKee 1969; Arnett 1979). If the Si enhance- 
ment in young SNR is due to mixing of the supernova ejecta with the X-ray 
emitting plasma, similar mixing of Fe should yield Fe/Sl > 10 (Smith 1981). 

The X-ray images of some SNR are complex, clearly indicating propagation 
into an Inhomogeneous ISM (McKee and Ostrlker 1977). Multiple shock velocities 
and temperatures are likely; in Cas A, for example, the kT^ ~ 1.5 kev inferred 
from the ratio of the emission features of Fe Is much less than the 

kT^ ~ 10 keV inferred from the high energy continuum (Pravdo and Smith 1979) , 
but greater than the kT^ 0.5 keV Inferred from the Si XIII/ Si XIV ratio. 

Therefore, accurate abundance determinations in SNR will require more 
sophisticated hydrodynamical models and observations with higher spectral and 
spatial resolution. 

1 

For SNR older than ~10^ yr, the nonequlllbriura effects are much less 
severe, as evidenced by single temperature equilibrium fits to the SSS data 
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without th© necoaalty of pi'onouuctd aiiomallfts. lu ouo suth cam (the 

bright knot of emisalon noctheaat fhc Kuppis A), the Intensity Is 

sufficient for the Einstein FPGS to peefQi.M , c iivplete scan for lino emission 
In the range 0.5-*!. I keV with E/AB ** I0t> (Wln^^ijr At al. 1981). A portion of 
this scan Is displayed in Figure 3, lllusferttting ehe ability of the FPCS to 
resolve the hellum-like resonance, Inter -ufiMnatlon, and forbidden lines that 
are blended together in the SSS data. The dowinaftce of the resonance line 
over the intercombination lino verifies that the ifenitation Is colllslonal, as 
recombination would enhance the triplet translti • a. In addition, temperature 
and abundance diagnostics can be obtained feom line -''.tios of both individual 
and separate ions of the same constltuentj FPG§, measurements of 0 VII and Q VIII 
yield consistency with kT *^0.2 keV In Puppts A. Even If the plasma is not in 
equilibrivim, relative element abundances can be inferred by comparing line 
ratios from ions of different species with line ratios from the same species, 
using the same ratios in the spectra of solar»*active regions as a guide. 

III. OFTlCALhY THICK THEKMAt SOURCES 
A. Physical Processes 
1 . General conBiderations 

One of the most exciting prospects of X-ray spectroscopy is the opportunity 

to elucidate the extreme physical environments associated with compact objects, 

ranging from galactic binary systems to active galactic nuclei (AGN). The 

rapid time variability observed from these sources indicates that they are 

7 

very compact, with scale sizes R < cAt ranging from ;$10 cm for the case of 
13 

Oyg X-i to cm for at least one AON (KGG 6814). It is now certain that 

many compact galactic X-ray sources are white dwarf stars and neutron stars 


and It seama Jlkely that Gygnua X~l and AGN contain black holes. In all these 
cases the X-ray luminosity derives from the release of gravitational energy by 
accreting matter. Gas flows in such systems are likely to be optically thick. 
Therefore, the X-ray spectrum we observe will contain information not only on 
the primary energy source, but also on the gas flow that feeds it. It follows 
that the interpretation of the observations will require an understanding of 
how X-ray spectra are modified by passage through an optically thick medium. 

The luminosity that results from the accretion of gas at a rate M onto a 
compact object of mass M av\d radius R may be written L >• pc M, where « GM/RC* 
is approximately n ~ 3 10*"^ for a white dwarf star, n « for a neutron 

star, and up to n ~ 0.3 for an accretion disk around a black hole (Thorne 
1974). If the gas flow is steady and spherically symmetric, the emergent 
luminosity should not exceed the Eddington limit, at which the outward force 
on the accreting material due to Compton scattering balances the gravitational 
attractlonj Lu •• 1*3 x 10^® (M/M^) ergs s The Compton optical depth is 
given by tg ^ (2/n)^^'^ L/Lg» where the lower limit represents the case of 
spherically symmetric accretion. With non-spherlcally symmetric accretion 
flows, the steady-state luminosity may exceed Eg, but it is hard to invent 
source iwadels for which E ^ 10 Eg. 

There are two natural temperatures characteristic of accretion flows; the 
free-fall temperature, T^^, and the black-body temperature, Tgjj. The former is 
very high: kl’ip “ 'jl’ h " 2 x 10^ n keV, which gives kTfg ~ 50 keV even for 

a white dwarf. The latter is the minimum temperature required for the source 
to radiate the observed luminosity: Tj^g • (E/Acrg)^^^^, where A is the radiating 

surface area and Ug is the Stefau-Boltzmann constant. The Eddington limit sets 
an upper limit on Tjjjj which is generally much less than Tg^; kTgg ^ 0.2 keV for 

—I // 

a white dwarf, kXgg 4 2 keV for a neutron star, and kTgg ^ I keV 


for 
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a black hole. The char acts cl Stic temperature of the radlatiou produced by a 
compact source usually falls between T|g and Tyjj and may be determined )?y some 
other natural energy such as the excitation energy of atomic or cyclotron 
lines. For a given source mass, the spectral temperature is likely to be lower 
at higher luminosity, for which the accretion flow will be more opaque and will 
effectively soften the radiation. 

2i- Nebular models 

The photoelectric opacity at 1 keV of a gas of normal cosmic abundance 
exceeds the Compton opacity by a factor of <v400 if the oxygen ions are not 
fully stripped. Therefore, there is a substantial range of column densities 
for which a distribution of gas may be opaque to photoelectric absorption 
but transparent to Compton scattering: this Is the nebular approximation. A 
point source of continuum X-rays surrounded by such a distribution of gas is 
the X-ray analogue of a planetary nebula. The ionization and temperature 
of the surrounding gas ore controlled by photoelectric absorption and line 
emission by the gas, and the emergent spectrum gains atomic absorption and 
emission features as a result of propagating through the gas. Models for X- 
rays incident on a one-dimensional slab, used to represent quasar emission line 
regions, have been reviewed by Davidson and Netzer (1979); the most recent such 
calculations are those by Kwan and Krollk (1981). The most recent models for a 
point source of X-rays surrounded by a spherically symmetric gas cloud are 
those by Kallman and McCray (1982). 

The results of such calculations are the temperature and ionization of the 
elements as functions of the distance from the X-ray source, and the emergent 
spectrum. Generally, the gas becomes progressively cooler and less ionized 
further from the source as a result of photoelectric absorption (in slab models) 
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and geometrical dilution (in spherical models) of the primary radiation. If 
the X-ray spectrum is not too soft {a ^ 2), the gas nearest the X-ray source 
is maintained at a high temperature, kT ~ ® result of Compton 

scattering by the hardest (E„,ax) photons in the source spectrum. At greater 
distances, cooling due to atomic emission lines becomes Important and the 
temperature drops to T 10^ K. This transition, which is almost discontinuous 
in constant pressure models, may account for the distinction between cool 
clouds and the hot Intercloud medium in AGN (McCray 1979; Krolik et al . 1981), 
The ionization structure is dominated by photoionization rather than electron 
Impact ionization. Therefore, at a given temperature the elements are more 
highly ionized in the nebular model than in the coronal model, and the more so 
if the source spectrum is soft. Auger ionization is Important and can produce 
several ionization stages of trace elements at the same place. For a given 
source spectrum the temperature and ionization are functions only of the column 
density of gas to the source and of an "ionization parameter," proportional to 
the X-ray flux divided by the gas density. 

As the X-rays propagate into the nebula, a photoelectric absorption 
cutoff appears in the continuum spectra, first at soft X-rays and then at 
progressively higher energies. The absorbed luminosity is reeraltted by the 
gas as emission lines and continuum recombination radiation. Typically, the 
strongest X-ray emission lines appear at photon energies near the soft X-ray 
cutoff. If the nebula is thick enough these secondary X-ray emission lines 
are also photoabsorbed, and ultimately most of the absorbed X-ray luminosity 
Is converted to UV emission lines (E < 13.6 eV), such as , He II X1640, C IV 
X1540, and 0 VI X1035, which can escape the nebula. Resonant trapping of 
emission lines can have important effects on the temperature of the emission 
line region and on the emergent spectrum. 




A partlcularljr important diagnostic of gas photoionlzcd by X-rays is the 
complex of emission lines at 6.40-6,67 keV due to K-fluorescence of iron 
(Fe I-Fe XXIV). Icon is unique among the cosmically abundant elements in 
having a high (Yj^ "• 30%) fluorescence yield following photoionl^ation of a K 
electron (in contrast, C, N, 0, Si, S have < 3%). Comparison of the 
strength of the fluorescence feature with that of the K-photoabsorptlon for 
E > 8 kaV can provide valuable information on the geometry of the gas around 
a compact source, since the photoabsorption is produced along the line of 
sight to the primary source, wl\lle the fluorescence line is produced by all 
the gas that is Illuminated by the source (Pravdo 1979). 

3. Comptonization 

Compton scattering dominates the photoelectric opacity of A plasma of 
solar system composition for photons with E ^ 10 keV in general, and for lower 
photon energies if the electron plasma is hot enough (Tg ^ 10^ K) such that 
abundant elements such as He, C, and 0 are fully ionized. As a result of the 
electron recoil, photons of initial energy undergoing multiple scattering 
in an electron gas of temperature Tg tend to equilibrate, so that hard photons 
(Eq > kTg,) lose energy to the gas and soft photons gain energy. Because of 
its importance to X-ray astronomy, the theory of this "Comptonization’’ has 
undergone considerable development during the past few years (Ryblcki and 
Llghtman 1979? Illarionov et al. 1979; Sunyaev and Titarchuk 1980). 

After a mean number of scatterings, u, a spectral line will 
have a mean energy shift AE ** uEq( 4 kT^ - EQ)/ragC^ and line width 
5E « u'^^ E^ [“ Eq + 2kT^mj.c^)^^^/mgC^. resulting line profiles have 

considerable structure depending On the geometry of the scattering region; 
methods for calculating the profiles and a variety of examples have been 
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described by Basko (1978), Pozdnyakov et al. (1979), Illarionov et al . 

(1979), and Langer (1979). 

When the number of scatterings Is large, the development of the spectrum 

is described by an energy-diffusion (Fokker-Planck) equation, first derived by 

Kompaneets (1957). This equation has as Its stationary solution a Bose-Elnsteln 

spectrum, 1(E) « E'^(exp(E + p)/kT,^ ' 1] . This equilibrium spectrum is not 

necessarily Planckian (p * 0) , because Compton scattering preserves the number 

of photons. The Kompaneets equation is approximate and does not accurately 

describe Che development of the spectrum in every case. In particular, it 

must be modified when the electron temperature is much less Chan the photon 

energy (Ross et al . 1978; Illarionov et al . 1979), and it falls for gas 

temperature or photon energy exceeding ~0.1 nigC^ ~ 50 keV. Gullbert (1981) 

has developed an integral equation suitable for the latter situation. 

The development of the spectrum in an actual situation is governed by an 

equation that accounts for Che effects of both spatial and energy transfer. A 

few special cases are of particular Interest: 

a) Source of cool photons surrounded by hot electrons . Such models have 

been proposed to represent spectral formation in compact binary systems (Shapiro 

et al . 1976) and active galactic nuclei (Katz 1976). In this case the emergent 

Spectrum develops a high energy tall whose form Is Independent of the source 

spectrum but depends on the optical depth, Tq» of the electron distribution. The 

2 , 

mean number of scatterings is u « Tq/ 2. The shape of the spectrum is governed 

2 

by the GOraptonlzatlon parameter, y = 4kTg u/m^c . For y » 1 or E > kT^ the 

spectrum will have the Wien form, 1(E) « exp(-E/kTg). For y ^ 1 and E < kT^ 

the spectrum will have a power law form 1(E) E“® where a * - -I- + ^ ^^2 

2 p 

Sunyaev and Tltarchuk (1980) have derived more general analytical expressions 
for 1(E) . Note that a thermal distribution of hot electrons can cause the 


formation of an emergent spectrum that resembles the power-law spectrum 
resulting from synchrotron radiation or inverse Compton scattering by a non’- 
thermal power-law distribution of relativistic electrons (SIV)* 

The power of the radiation source is amplified substantiall> by 
Comptonlzation when y 1. Shapiro et al . (1976) and Liang (1979) have 
suggested that the resulting energy losses of the electron cloud will act 
as a thermostat, such that y will remain close to 1. If so, the emergent 
spectrum will approximate a power law with a » 1, as seems to be the case 
for active galactic nuclei. 

b) Source of hot photons Surrounded by cool eleetrcns . In this case the 

photons are scattered to lower energy by the electrons and the emergent spectrum 

2 2 

will develop a high-energy cutoff at i« maxfkTg, 2m^c /‘’Jq} • analytic 

expression is known for the shape of the high-energy speetrumj numerical results 
have been calculated by Ross et al . (1978) > and by hanger e t al . (1978). 

c) External source of cool photons reflecting from a semi-infinite slab of 
hot electrons. This case has been solved by Llghtman and Rybicki (1979a, b). 

The resulting spectrum is a universal function, 1(E) «« (An E/Eg)“^^^ for E < kT^ 
and 1(E) « exp(-E/kTg) for E > kT^, which may be hard to distinguish from 
optically thin brerasstrahlung. Llghtman, Lamb and Rybicki (1981) have obtained 
results for sources of hot photons internal and external to a semi-infinite slab 
of hot electrons. 

d) Temporal variability . Interesting time-dependent effects may occur if 
Che photon source is variable (Llghtman and Rybicki 1979b; Payne 1980) . If the 
photon source is hotter (or cooler) than the ambient electrons, the Gomptonlzed 
spectrum becomes progressively softer (or harder) following an impulsive 
outburst; the timescale for the spectral reverberation provides additional 
information on the geometry of the ambient gas. 


e) Compton heBtlng/coollnR . The electron gas Is heated or cooled as It 
Coraptonizes the photons propagating through it (Rybickl and Ughtman 1979). If 
the energy density of the radiation exceeds that of the thermal electrons and 
the Compton heatlng/cooling timescale is less than other dynamical timescales, 
the electron temperature will be slaved to an effective temperature, Tgj|, of 
the radiation field, whore T^jf »• T^^^ for a dilute Planck or Wien radiation 
field and kT^g^ " exponential or power law spectrum with energy 

spatial index a < 2 and upper cutoff energy When the radiation field 

has a strong soft X-ray or UV excess (or a ^ 2.5), Comptonizatlon actually 
drives the electron temperature toward the lowest photon energy, 

4 . Diffusion models 

In general, the X-ray spectrum resulting from the reprocessing of the 
primary source spectrum by an optically thick distribution of gas will be formed 
by the combined effects of atomic emission and absorption and Comptonizatlon. 

The X-ray albedo and iron line fluorescence of a cold stellar atmosphere have 
been calculated by Basko et al . (1974), Felateiner and Opher (1976), Basko 
(1978) and Bai (1979). Models for the transfer of X-rays through an optically 
thick spherically symmetric shell including Comptonizatlon and atomic processes 
have been calculated by Koss (1979). 

B. Accreting White Dwarf Stars 

There are many knowi^ binary systems in which mass transfer is occurring 
from a late-type star onto a white dwarf star. These are the cataclysmic 
variable stars, Including classical novae, recurrent novae, dwarf novae, and 
related systems (Robinson 1976). A number of these systems have been detected 
as X-ray sources (Cordova, Mason and Nelson 1981), but most are so faint 
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(Fjj(l-A keV) S 10"^^ ergs cm”^ b*^) Chat not much is yat known about their 
apectra except that they are fairly hard (kT 10 keV). We ahall briefly 
Bummarire the roodela ad recent observaclcns; a more detailed account and 

further references can be found in the review by Kylafis et al, (I960). 

■ ' ' ’ # 

The accreting white dwarf stars can be divided Into two main claaseBj 
(1) those showing features In their optical and UV spectra and light curves 
that clearly indicate an accretion disk; and (2) those showing evidence of 
very strong ('^10' G) magnetic fields — sufficient to prevent the formation of 
an accretion disk. The magnetic dwarfs will be discussed in SV. Two kinds of 
theoretical models have been proposed to describe the X-ray emission from the 
non-raagnetic systems: (1) spherically symmetric radial accretion; and (2) an 

accretion disk extending to the white dwarf surface (Pringle 1981). 

Model (l/f spherical accretion | may be so Idealised that It has no actual 
counterparts, but it has the virtue that it may be solved in sufficient detail 
to provide many valuable insights. The most recent such calculations are those 
by Kylafis and Lamb (1979, 1982) and Ross and Fabian (1980). The Infalling gas 
forms a shock above the surface of the white dwarf. At low accretion rates the 
shocked gas radiates very Inefficiently and the shock stands high above the 
surface, but as the accretion rate Increases the thickness of the cooling 
layer decreases and the shock moves near the surface. In either case the X- 
ray emission comes primarily from gas with T ~ T^f. Half the X-ray emission 

A 

propagates outward through the accreting envelope; the other half propagates 
downward and is re-radiated as blackbody radiation at Tgg by the white dwarf 

lit 

surface. The blackbody luminosity, Lgg, of the white dwarf surface may be 
some 60 times greater than that due to the intercepted X-ray luminosity if 
steady thermonuclear burning of the accreting gas ensues, but such burning is 
more likely to be sporadic. 
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When the ucctecion rate Is low (L^OT s"*^) Che envelope is 

fully ionised and optically thin to the X-ray emission. In that case, Che 
accretion luminosity will have a spectral shape almost independent of 
consisting of optically thin X-ray bremsstrahlung with kT^ 50 keV, and a 
blackhody with kT|jg <0.1 keV, When L^,|. X ®cgs s“^, the accretion flow 
becomes optically thick and the emergent spectrum Is modified considerably 
by Comptonlzation and photoelectric absorption as It propagates through the 
flow. The result la chat the X-ray photons are degraded to lower energy and 
that the hard X-ray luminosity actually decreases with increasing giving 

a maKimum hard X-ray lumlnoslt'» b,j <v 4 k ergs s**^. The suggestion by 
Kylafls and lamb (1979) that Cygnus X-2 might be an accreting white dwarf 
displaying this behavior seems to be ruled out by Its large ('«8 kpc) distance 
(Cowley et al . 1979), implying Ljj ** lO^^- ergs s . 

Many of the cataclysmic variables that have been observed as X-ray sources 
show clear evidence of accretion disks. During quiescent periods they have 
typical X-ray luminosities Ljj lO^^-lO”^*^ ergs s and spectral temperatures 
kX 5-20 keV. Tv«5 Important examples, SS Gygnl and U Gem, have also been 
observed during optical outburst (Cordova et al . 1981} Pabblatio et al . 1981), 

Ac those times a very soft blackbody component (kX 20-30 eV) appeared In the 
X-ray and UV spectrum with luratnoslty ^10^ Lj^* Xhe soft X-rays displayed quasi- 
periodic oscillations with timescales ~10 s. These systems are obviously complex 
and detailed models for the formation of their X-ray spectra do not exist. 

Pringle and Savonije (1979) suggest that the hard X-rays come from a boundary 
layer between Che accretion disk and the white dwarf star, where the accreting 
gas is heated to X-ray temperatures by some sort of shock as it is slowed from 
the Kepler velocity of the disk to the rotational velocity of the star. The disk 
is likely to be opaque to X-rays If the accretion rate is high, so that much of 
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th® hard X-ray luminosity generated In the boundary layer may be absorbed and 
reeinltted at much lower temperatures# gabblano et al . (1981) suggest that the 
soft X-rays during outburst may result from a thermonuclear flash. 


C. Accreting Neutron Stars 
1. General Gharaeterlstlcs 

There are "^100 luminous (Ljj - - 10”^^ ergs s ) compact X-ray sources 

in the Milky Way and Magellanic Clouds, of V'faich --SS have known optical counter- 
parts (Bradt and McCllntdck 1982). Excluding the isolated Crab and Vela pulsars, 
19 are pulsating sources with periods tanging from 0.7ls (for SMC X-1) to 835s 
(for X-Per, which has an anomalously low luminosity 10^^ ergs s“^), The 
pulsation periods have been observed to generally decrease over characteristic 
timescales ranging from <^100 yr to ~10 yr, and the relationship between the 


derivative of the pulse period and the X-ray luminosity clearly indicates disk 
accretion onto a magnetized neutron star of mass ~l-3 Mg (Ghosh and Lamb 1979; 
Eisner et al . 1980a; Rappaport and Joss 1982) . Most (~15) of the X-ray pulsars 
are known to have massive (ii 8 Mg) OB companion stars. Only two are known to 
have relatively low mass companions; Her X-1 (~2 Mg) and 4U 1626-67 (<-0.1 Mg). 

Of the remaining luminous sources chat do not pulse, most have faint (if 
any) optical counterparts and are low-mass systems concentrated toward the 
galactic bulge with a Population H distribution. A few (^^lO) have orbital 
periods determined from X-ray or optical photometry, or optical spectroscopy 
[e.g.; SCO X-1 (18. 9*^), Cyg X-2 (9.8*^), Cyg X-3 (4.8*^) and 4U 1822-37 (5.57^')J. 
The rest, which include persistent galactic center sources, transients/ and 
X-^ray burst sources, have no known periodicities. Their high X-ray/optlcal 
luminosity ratios, in particular, lead us to believe that most of these 
sources are also accreting neutron stars in binary systems. 


# 


# 




The following system structuces are likely to produce direct effects on 
the X-ray spectra (McCray 1977)! a stellar wind from the companion star; a gas 
stream from the companion star that feeds an accretion disk} the disk itself} 
a possible hot corona or wind from the disk} the "Alfven surface," witere the 
disk is disrupted by the magnetosphere of the neutron star; and finally, the 
primary emitting region where the accretion flow encounters the neutron star 
surface. In this section, we shall try to elucidate these effects with 
examples from specific sources and to show how their interpretation might 
provide a basis for modeling the geometries of individual systems. 

Figure 4 shows the spectrum of the 1.24® pulsating binary X-ray source 
Her X-1, which has a maximum luminosity (averaged over pulsations and assuming 
an isotropic source) Lj^ ~ (2 x 10^^ ergs s“^)(D/6 kpc)^. Most of this luminosity 
appears in a flat (a " 0) power law continuum with a break at ■ 20 keV, 
above which a ^ 3. Other prominent features in the time-averaged spectrum are; 
(1) a strong soft X-ray excess, containing about 15% of the luminosity, that may 
be fit with a blackbody with kT » 0.11 keV} (2) a broad (FWHM ~ 2.4 keV) iron K- 
fluorescence line at ~6.4 keV with an equivalent width E.W. ~ 0.3 keV (Pravdo et 
al. 1977)} and (3) a feature at ~55 keV, containing about 2% of the luminosity. 
The 55 keV feature and the pulse-phase dependence of the hard X-ray spectrum 
probably result from processes occurring at the surface of the highly magnetized 
neutron star} they are discussed in §V. 

In many respects, the spectrum of Her X-1 is typical of the pulsating binary 
X-ray sources. Almost all of them have a hard (a •“ 0.2+0. 4) approximately power 
law continuum (e.g., Rappaport and Joss 1982) a spectral break <10 < E^gj^ < 

30 keV), and a broad 6.4 keV iron line (0.2 E.W. ^ 0.7 keV) (Pravdo 1979). 

The only exception is the subluminous source X-Per, which has an exponential 
spectrum with kT ~ 12 keV and no iron line (Becker et al . 1979b) . 
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2. Magnetospherlc Gas 

A simple blackbody argument shows that the soft X-ray flux from Her X-1 
cannot come from the neutron star surface but must come from a distance 

Q 

R 10 cm. Evidently ~15% of the hard X-ray luminosity is Intercepted there ^ 

and reradiated at kT O.ll keV by a partially opaque distribution of matter. 

Q 

McCray and Lamb (1976) and Basko and Sunyaev (1976) pointed out that R~ 10 cm, 
has dynamical significance, nearly coinciding with the cqrotatlon radius and 
Alfven radius where one might expect accreting matter to pile up. It is likely 
that the iron fluorescence lines come from the same distribution of matter 

responsible for the soft X-rays. The width of the iron line, which appears to 

be broader than instrumental (with R~ 7), may result from Doppler motions of 
the reprocessing matter or from Comptonlzatlon. Ross et al . (1978), Ross (1979), 

Basko (1980), and Bal (1980) have discussed models for the reprocessing of hard 
and soft X-rays and iron line formation by matter at this "Alfven shell" of 
Her X-1; however, there is clearly much work to be done to gain a proper 
understanding of this region. In particular, we need to understand the source 

geometry that causes the maximum of the 1.24® soft X-ray pulse (cf. Fig. 4) to 

lag the hard X-ray pulse maximum by A<J> ~ 0.6 (McCray et al . 1982). 

A similar soft X-ray excess is seen in the spectrum of SMC X-1 (Bunner 
and Sanders 1979) but without the phase lag. Unfortunately, Interstellar 
absorption prevents us from knowing the soft X-ray spectra of most galactic 

f 

binary sources. In >hese cases, the fluorescent lines may be the only 
spectral diagnostics of the magnetospherlc gas. 

3 . Stellar Winds 

Several binary X-ray systems have luminous OB companion stars (Bradt and 
McClintock 1982), wnich typically have strong stellar winds with mass loss 


tfaces - 10~^ yr**^ and carmlnal velociciaa »-lOOO«3000 kin a“^ (Conti 

and McCray 1980). Buff and McCray (1974) |>ointed out that such winds have 
suE£lcient column donalty to cause significant soft X-ray absorption that 
should vary in a predictable way with X-rav orbital phase, and Hatchett and 
McCray (1977) showed how to calculate the ionization structure and soft X-ray 
absorption in a binary source embedded in a strong spherically symmetric 
stellar wind. Stellar winds are likely to account for the increase in 
absorption observed near eclipse in the apectra of Cen X-3 (Pounds at al . 

19755 Schreier et al. 197G), 4U 1700-37 (Mason et al . 1976), Vela X-l (Becker 
et al. I§78a5 Charles et al . 1978), and possibly GX301-^ (Swank et al . 1976). 
Hertz et al . (1978) have made Monte Carlo simultations of X-ray transfer 
through stellar winds, and have suggested that electron scattering may account 
for the residual intensity observed during eclipse of Cen X-3 and Vela X-l. 

The embedded compact X-ray source is likely to substantially modify the 
dynamics of the wind. Gravitational focusing of the flow can cause an 
accretion wake (Illarionov and Sunyaev 19755 Wolf son 19775 Carlberg 1978), 
X-ray heating or radiation pressure can cause a bow shock (Krasnobaev and 
Sunyaev 1977), and X-ray ionization can modify the radiative acceleration of 
the stellar wind (Uatdiett and McCray 19775 Pransson and Pabian 1980). It has 
been suggested that such structures might be responsible for photoelectric 
absorption dips observed near superior conjunction in Can X-3 (Jackson 1975) 
and Vela X-l (Eadie et .a l« 1975)5 however, the phenomena are so complet and 
sporadic that results obtained from the fitting of idealized theories to the 
observations are likely to be illusory. 


AcGtation Diska and Coronaa 




The nwat detailed evidence for an accretion disk in a Mnary X-ray system 

comes from observations of the *55^^ cycle of Her X-1, In which the X-ray 

intensity drops by a factor *^15 during the '>• 23 ” loy? phase (Giacconi at al « 

1973) . In addition, Her X-1 shows sudden dips in intanaity preceding the 

i,7d eclipses, lasting ‘>•1-2 hours, the appearances of which are locked In 
d d 

phase to Che 35 cycle. Many details of Che 15 cycle can be interpreted as 
occultations of Che pulsating vsource by a precesslng, twisted accretion disk 
(Potcerson 1977; Groaa and Boynton 1980), and strong support for the modal 
cornea from analysis of optical photometry of Che H2 Her (Gerend and Boynton 
1976) and from Che appearance of a brief high state near the middle of the 
low part of the 35^ cycle (Jones and Forman 1976). 

The dips are clearly photoelectric absorption evonta, with soft X-ray 
cutoffs in their spectra Implying a column density Njj 10^^ em"^ of 
intervening gas (Becker eC al. 1977; Farmer et al. 1980). They are 
interpreted as obscuration by a thickening of the outer disk resulting 
from Che impact of Che mass transfer stream from H2 Her. In contrast, the 
spectrum of Her X-1 during the iow phase of the 3S“ cycle is similar to 
chat of the high phase (Becker et al. 1977), even including the soft X-ray 
excess (Fritx et al . 1976). The absence of a soft X-ray cutoff during the 
low phase suggests that the disk partially eclipses an extended source, which 
may Ixs a highly lonlxed corona with O.l and T 10” k. The equivalent 
width of the 6.4 keV iron line increases by a factor -*2 during the low phase 
(Pravdo et al . 1978) , implying that the iron line is formed in Che extended 
source. Similar transitions, dips, and persistent emission during low states 
have been seen in Gen X-3 (Tuohy and Grulse 197S; Founds et al . 1975; Schreier 
et al. 1976). 


The most compelling evidence for an extended accretion disk corona comes 
from observations of the 5.57^' binary system 4U 1822-37, wlvich has a liard 
spectrum but does not pulse (White et al. 1981). The X-ray Intensity varies 
by a factor -^l.S with a roughly sinusoidal modulation. In addition, a sharp 
dip by o'SOSS In the X-ray intensity lasting -^30 m occurs about 1 hr after the 
minimum of the smooth modulation, The source has a V * 16 blue optical 
counterpart that varies in phase with the X-ray source by ^^1 mag with no 
slgnificlant color change and a light curve very similar to that of the X- 
rays (Mason et al . 1980). At a distance D > 0.6 kpc, the source has a 2- 
20 keV X-ray luminosity »« 1.2 x 10^^ ergs s"^ (D/l kpc)^. 

The X-ray spectrum of AU 1822-37 exhibits features characteristic of the 
pulsing sources. The continuum can be represented roughly by a power law with 
a ~ 0.1 that breaks sharply at 17 keV, upon which is superposed a very broad 
(A keV FWHM) 6.7 keV iron emission line with an equivalent width ~1»1 keV. 

The spectrum has a soft X-ray cutoff indicating absorbing matter with Njj ~ 2 x 

21-2 h 

10 cm . Remarkably, this cutoff does not vary with the 5.57 modulation 

or during the dip, although the spectrum becomes slightly softer at minimum 

intensity and during the dip. 

The absence of spectral changes during the dip rules out photoabsorption 
by gas with ^ I , and clearly indicates a partial eclipse of an extended 
(R ~ 0.2 Rg) accretion disk corona by the companion star. The similarity of 
Che optical light curve Co Che X-ray light curve and the absence of periodic 
color changes indicate that the optical source is the accretion disk and corona 
rather than the companion star, which is likely a red dwarf. White and Holt 
(1982) suggest that the smooth 5.57*' modulation of AU 1822-37 is caused by 
partial occultatlon of the corona by the outer part of an accretion disk, whose 
thickness is comparable to R and varies azimuthally. The variation, which is 
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locked CO the binary orbit, may result from the Impact of a stream of gas on 
the accretion disk. 

White ot al . (1981), White and Holt (1982), and Fabian et al . (1982) have 
discussed possible models for the accretion disk corona of 4U 1822-37 . The 
spectral break at ~17 keV and the width of the iron line can be attributed to 
Comptonization in a corona with 5 , tij© absence of other strong atomic 
features in the X-ray spectrum indicates that the gas is highly ionized, and 
this requires a high X-ray luminosity, ^ 10^^ ergs s”^, hence a distance 
~10 kpc. With a temperature k, the maximum coronal radius is limited by 
the gravitational attraction of the neutron star to R ^ 0.3 Rg, so that the 
escaping material must be replenished (e.g. by evaporative mass loss from the 
accretion disk). The central source, which we believe to be an accreting 
neutron star, may be a pulsator with period ^2®; if so, the pulsations would 
be washed out as they diffuse through the corona. 

4U 1822-37 is not unique. The source 4U 2129 + 47 has a power law X-ray 
spectrum with a » 0.9, a 5.2^^ modulation, and a partial eclipse all quite 
similar to those of 4U1822-37 (White and Holt 1982; McClintock et al . 1982). 
The same kind of model can also explain the approximately sinusoidal 4.8^' 
modulation of Cyg X-3 (Parsignault et al . 1977; Eisner et al. 1980b), wliere 
the lack of a partial eclipse can be attributed to a lower inclination. Its 
2-20 keV spectrum (Becker et al . 1978b; Blissett et al . 1981; Wltlte and Holt 
1982), which is very similar to that of 4U 1822-37, favors an optically thick 
corona over a model proposed by Milgrom (1976) for the 4.8*- modulation of 
Cyg X-3, in which a close (a ~ 10^^ cm) binary system is surrounded by a thick 
(tQ > 1) shell of radius R > 10 a; this is because the strong photoelectric 
absorption features <5 keV and ~8-10 keV implied by Milgrom’ s model are not 


observed. 


5. Galactic Bul^e Sources 

In contrast to the pulsating X-ray binaries, most of the persistent sources 
which do not pulse, such as Sco X-l (Miyamoto and Matsuoka 1977; l/awb and Sanford 
1979; Coe ct al . 1980; Johnson et al . 1980), Cyg X-2 (Ulmer et al . 1974), and the 
galactic bulge sources (Jones 1977; Markert et al . 1977; Ostrlker 1977; Lamb and 
Sanford 1979) appear to have soft bremsstrahlung spectra with 3 keV ^ kT < 8 keV. 
Because of their high X-ray luminosity, l.e. 10^^ < < 10^® ergs s*"^, one 

supposes that they are neutron star binaries with low mass (^0.5 Mq) companions 
like the 7.7s X-ray pulsar 4U 1626-67 (Joss and Rappaport 1979). If so, 
explanations are required for the lack of observed orbital and pulsation periods 
and for the soft spectra. One explanation for the lack of eclipses (Mllgrora 
1978) Is that they have accretion disks thicker than the companion star, so that 
the X-ray source Is always obscured by the disk If Its orbital Inclination 
permits an eclipse. The lack of pulsations might be understood in terms of 
decay of neutron star magnetic fields in these old Pop II systems (but then 
4U 1626-67 would be a counterexample). An alternative explanation (White and 
Holt 1982) Is that some of these systems may be extreme versions of Cyg X-3 and 
4U 1822-37, with accretion disk coconae much larger than the companion star. 

The softer X-ray spectra and the absence of pulsations may be due to Compton 
scattering in the corona. If this model Is correct, It may be fruitful to 
search for periodic partial occultatlons of small amplitude in these systems. 

6. X-Ray Bursters 

There are about 30 known X-ray burst sources, characterized by irregular 
sudden bursts of X-rays with luminosities reaching ~ 10 ergs s and 
duration ~10-1000 s (Lewln and Joss 1981; Inoue et al . 1981). The X-ray burst 
spectra can be characterized by blackbodies with temperatures kT ^ 1-3 keV 
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that ace ceXated to the X-ray lumioosity by kT l , with a constant of 

A 

pcopoctlonality that is roughly independent of time as the burst evolves and 
roughly the same for all sources. This relation may be interpreted as the 
result of blackbody radiation from the entire surface area of a neutron star 
of radius R 7-10 km. The maximum spectral temperature of the burst Is 
approximately equal to the blackbody temperature of a neutron star radiating 
at the Eddington limit: Tg ** tGM^mjjC/(R^o,j^g)] . The bursts are believed to 
result from thermonuclear explosions on the surfaces of accreting neutron stars. 
Since the explosion seems to cover the entire neutron surface and no pulsations 
ate observed, the neutron star magnetic fields are believed to be weak. 

One exception, the so-called "Rapid Burster" (Lewln and Joss 1981), 
exhibits rapidly repeating bursts with luminosities that correlate with the 
times since the previous bursts; these bursts are believed to be associated 
with magnetospherlc regulation of the accretion flow to th«j stellar surface. 

D, Stellar Mass Black Holes 

Two binary X-ray sources have been Identified as likely candidates for 
black holes: Cygnus X-1 and Circlnus X-1 . They are unique among the compact 
binary systems in having rapid «ls) aperiodic time variability of large 
amplitude (Rothschild et al. 1977; Toor 1977; Weisskopf and Sutherland 1980) 
and hard X-ray spectra extending to ^100 keV. The 5.6*^ binary Cyg X-1 is the 
best case, with a probable compact object mass ~10 exceeding the limit for 
a neutron star (Bahcall 1978). The mass of Gir X-1 is unknown; it is suspected 
to be a black hole be/iause its X-ray variability resembles that of Cyg X-1. 

The spectrum of Cyg X-1 has two distinct states. Most of the time it is 
in its low state with a spectrum that follows a power law (a « 0.6) for 2 < 

E < 100 keV and drops off smoothly for E > 100 keV (Sunyaev and Trdmper 1979; 
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Nolan et al . 1981), giving a luminosity -- 4 x lO^^ ergs s“^ (D/2.5 kpc)^. 
Occasionally (^10%), it enters a high state, in which its spectrum becomes 
much brighter and steeper (a ~ 2.1) for E < 10 keV, but remains almost 
unchanged for E ^ 10 keV (Ghiappetti et al . 1981; Page et al . 1982). 

A simple optically thick accretion disk model (Pringle 1981) for Cyg X-1 
would have a maximum photon energy kTgg ~ 3 keV, far too low to account for 
the observations. The favored theoretical model is one in which the observed 
spectrum is produced by Comptonlzatlon of soft photons as they diffuse through 
a region of high temperature electrons (Shapiro et al . 1976; Liang and Price 
1977; Liang 1980). Indeed, the observed spectrum fits the theoretical spectrum 
fairly well if the hot region has kTg ~ 30 keV and ~ ^ (Sunyaev and TrUmper 
1979), although an excess of photons with E > 300 keV suggests a component of 
hotter electrons (Mandrou et al . 1978; Nolan et al . 1981). 

The origins of the high temperature electrons and of the soft photons 
are uncertain. When the source luminosity L > 0.02 Lg, the inner portion of a 
"standard" (Shakura and Sunyaev 1973) disk becomes unstable. A possible model 
for the inner disk is a "two-temperature" disk (Shapiro et al . 1976) that is 
optically thin and geometrically thick, supported by the thermal pressure of 
very hot (kTj^ ~ 60 MeV) ions. The electrons in this inner disk should have a 
temperature kTg ~ 30-100 keV that is controlled by a balance between Coulomb 
heating by the hot ions and cooling by Comptonlzatlon of the soft photons. 

The soft photons may come from the cool outer portions of the disk. 
Alternatively, the Comptonlzatlon might occur above a cool disk, in a corona 
that is heated by some kind of instability, possibly magnetic. Particularly 
useful discriminators might be measurements of the correlations between time 
variations of the intensities at different spectral energies (Priedhorsky 
et al . 1979; Page et al. 1982; Guilbert and Fabian 1982). 
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Cir K-1 has a 16, 6**' period and a massive (>30 Mg) OB companion star 

(WheXan at al. 1977). At a distance ~10 kpc, Its maximum X-ray luminosity is 

~10^® ergs s"^. Unlike Cyg X-1, Cir X-l Iws a steep spectrum for E > 10 keV 

(Coe et al . 1976j Nolan 1982). The soft X-ray spectrum is highly variable, 

with a cutoff ranging from '■^2 keV to ~10 keV, indicating photoabsorption 

22 -2 2 A —2 

by gas with column density ranging from ~10 cm to ;^10 cm . This 

variability may result from an eccentric (e 0.8) orbit in a very dense 
stellar wind (Murdln et al. 1980). 





B. Active Galactic Nuclei 

Our best guess at the energy source for the X-radiation from active 
galactic nuclei is that it accrues from the gravitational energy liberated at 
the infall of matter to a central black hole of mass ;^10” M^. The variety of 
possible X-ray production and transfer mechanisms is large (e.g. Rees 1980), 
but some consistent patterns are beginning to emerge. The spectra of all the 
Sy I nuclei measurable over a dynamic range >10 with HEAO-l, for example, are 
nearly identical. All are either fit better (or at least no worse) by power 
laws than by bremsstrahlung continue, vaith best-fit indices of a »* 0.710.1 
(Mushotzky et al 1980, Holt 1981). No steepening at higher energies is 
evident out to '^40 keV. 

There is clearly a reservoir of lower energy photons in AGN that 
are available for Comptonization. Continuum emission longward of Ly^^ is 
observed, and that shortward is directly responsible for the stimulation of 
the characteristic broad line emission of Seyferts and quasars (e.g. Davidson 
and Netzer 1979). If we hypothesize that the observed a * 0.7 power law 
spectrum of these sources is the result of Comptonization by a sub-relativistic 
(T < 10^ K) thermal plasma, we may inffjr from §111. A. 3 that Tq ^ 3* 


The reXatlvely weak X-ray signals from all but the very closest AGN 
■“11 "-2 *“l "*3 

(typically, <10 ergs cm s , or <10 that of the Crab nebula), compromise 
the potential spectroscopic discriminators we need to distinguish Comptonlzed 
power law spectra from those produced by nontherraal processes • The present 
sensitivity does not allow (for a fair sample of AGN) the detection of either 
low-equl Valent-width features in narrow bandwidth ranges, or spectral bends or 
breaks over broader bandwidth ranges. We return to this problem for AGN (and 
potential tests for the origin of the observed power law spectra) in lIV.C. 

Even if the primary production mechanism is unknown, the X-ray spectra 
of AGN provide information about the distribution of gas around the central 
sources. In Sy I's the observed X-ray absorption is presumed to arise in 
relatively cold "clouds" exterior to the source (cf Davidson and Netzer 1979). 
If the Individual clouds are smaller than the source, and if the average number 
of clouds along the line of sight is of order unity, we can (in principle) 
determine several independent geometrical parameters from the spectrum alone. 
These Include the fraction of the source covered by the clouds (from the 
absorption) and even a measure of the spherical symmetry of the cloud cover 
(from the ratio of Fe-K absorbed along the line of sight to that measured in 
reemlssion). The roost sensitive measures of these parameters should occur in 
sources having a covering factor of ~0.9, since the effects of the partial 
cover will be roost easily Interpreted for this situation. Holt et al . (1980) 
have found that NGC 4151 satisfies this <^90X condition, and have speculated 
that quasars and higher luminosity Seyferts are less covered (and lower 
luminosity Seyferts are more covered) than NGG -4151; and lower luminosity 
Seyferts are more covered; such a situation is Indicated from optical 
measurements and expected if the average distance to the clouds is regulated 
by the radiation from the central source. New measurements Of lilgh (Holt 1981) 


and Ipw (Mushotzky et al . 1981b) luminosity Seyferts from the Einstein SSS ate 
consistent with this general picture. 

IV. NON-THERilAh SOURCES 
A. Physical Processes 

The very high radio brightness temperatures and the radio and optical 
polarization seen in some AGN and the Crab Nebula clearly Indicate regions of 
ordered magnetic field containing a population of relativistic electrons with 
Lorentz factors y ^ 10^ to 10^ (Burbldge et al . 1974; Shklovsky 1968). Such 
nonthermal electrons can produce high energy radiation by bremsstrahlung, 
synchroton radiation, or inverse Compton radiation. Nonthermal bremsstrahlung, 
the traditional way by which X-rays are produced on earth, is unlikely to be 
important in most astrophyslcal contexts, because the efficiency for production 
of X-rays by fast electrons is small (~10~‘^) compared to their Coulomb energy 
loss in the background plasma. In contrast, relativistic electrons will produce 
synchroton and Inverse Compton radiation with efficiency approaching unity if 

O rt 

(Ug+U^)/ /nmgC'‘ ^ 10, where Ug + Ug is the energy density in the magnetic and 
radiation fields, and n Is the number density of ambient particles. 

Synchrotron and Inverse Compton radiation are discussed thoroughly by 
Rybicki and Llghtman (1979). A relativistic electron moving through a magnetic 
field with component Bj^(G) perpendicular to the electron velocity will radiate 
most of its power in a continuum of harmonics •^y^ of the gyrofrequency energy. 

Eg ■ 1.2 X 10 Bj^y ^ keV. Note that ultrarelatlvistlc (y > 10^) electrons 
are required to produce X-rays by synchrotron radiation in most astrophyslcal 
sources, where B < 1 G (except some neutron stars and white dwarfs — cf. §V). 
Inverse Compton radiation, in which a low-energy (E^) photon is scattered by a 
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relativistic electron, produces photons with typical energies E ~ A/3 %y • 

Thus Y 50 is sufficient to upscatter optical photons to I keV, for example. 
Synchrotron radiation and inverse Compton radiation are formally very similar. 
Both produae power law spectra with spectral index a ■ (r-l)/2 if the 
relativistic electron number spectrum is a power law, dn^/dy « y • 

The electron radiation lifetime is given by rp^jj(Y) " ®e*^ • 

Radiative decay of relativistic electrons can cause slope changes in nonthermal 
spectra that may provide important information about the source (e.g., Raraaty 
1974). For example, a power law electron spectrum injected at time t « 0 will 
develop a sharp cutoff at '^rad^"*'cr^ “ However, if the 

electron Injection is continuous, there will be only a unit increase in P for 
Y > Y(j,.(t), where t is the age or leakage time out of the source, causing a 

in a at ECy^j.)* Spectral flattening ^th increasing energy 
may result from higher order scattering, i.e,, Compton scattering of synchrotron 
photons by the electrons responsible for their primary production. 


B. Crab Nebula 

Rather than having the thermal X-ray spectrum of most other supernova 
remnants (§IID), the Crab nebula spectrum is a featureless power law with a ■ 1.0 
(i.e., equal power in each decade of energy) to ^500 keV, giving a total nebular 
luminosity >10^® ergs s”^. The long-standing enigma of the origin of this 
luminosity was resolved by the discovery of the pulsar NP 0531+21, and the 
subsequent understanding that the power derives from the electromagnetic braking 
of the rapidly rotating neutron star (e.g., Manchester and Taylor 1977). 

The pulsar represents <10% of the total nebular X-ray luminosity below 
10 keV, but contributes an increasing fraction at higher energies (i.e., it 
appears to have a power law energy spectrum somewhat flatter than that of 
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the nebula, o.g. Strlckman et al . 1979; Pcavdo and Serlemltsos 1981), The 
electrodynamics of the Crab pulsar are not well understood, but it is clear 
that the pulsar X-ray emission is highly anisotropic and nonthermal. 

The nebular situation is somewhat simpler to model, at least in a general 

t 

way. The emission must be synchrotron in origin, because the measured X-ray 
polarization, at a level of 20% (Weisskopf et al . 1978), is parallel to the 
optical polarization, which has long been understood to be a synchrotron 
source. Equlpartition estimates of the nebular magnetic field ~3 x 10 ^ G 
imply a radiation lifetime ^ 10 y for the relativistic (y ~ 10^) electrons 
responsible for the I keV X-ray emission. The electrons responsible for the 
higher energy X-rays have even shorter lifetimes, perhaps less than the light 
travel time to the pulsar, requiring an in situ acceleration mechanism (Melrose 
1969) possibly related to the moving "wisps'* observed In the nebular optical 
continuum (Scargle 1969). The mechanisms for the transport of the pulsar 
power through the nebula and for the acceleration of the electrons are not 
well understood; observations of the morphology change of the nebula with 
increasing X-ray energy (e.g.. Felling et al . 1982) may provide vital clues. 

The soft X-ray morphology of the Crab is very different from that of the 
blast-wave SNR's like Cas A or Tycho. In X-rays, as in radio, the emission is 
diffuse over the nebular volume Instead of being limb-brightened. The Crab 
Nebula blast wave probably propagated into an ISM much less dense than that 
surrounding the progenitors of Cas A or Tycho, so that the snowplow effect 
will never manifest itself in a strong shell source in the Crab. No evidence 
for line emission has been obtained with Einstein spectrometers. The Vela 
pulsar appears to be a somewhat older version of the Crab. SN 1006 resembles 
the Crab in having a filled morphology and a continuum X-ray spectrum with no 
line emission (Becker et al. 1980c), but no pulsar has yet been found. 


Ct Active Galactic Nuclei 

Direct synchrotron emission is unlikely to account for the X-ray emission 

from most AGN. In contrast to the Crab nebula, where a legacy of kinetic 

energy is used to power the X-ray source, fresh fuel in the form of mass flow 
• -3 -1 -1 

M ~ 2 X 10 ti L44 Mg yr is required. This mass flow, and the necessity 

of a source dimension <one light day in some AGN (see below), make it likely 

that the characteristic time scale for Compton production of X-rays from 

available lower energy photons would be much shorter than that for direct 

synchrotron radiation. For example, in the Crab nebula high-energy Y“*^ays 

must be produced from the upscatterlng of synchrotron photons by the parent 

electrons (Gould 1965). Self-Synchrotron-Compton (SSC) models for AGN (Jones 

et al . 1974) suggest that the radio emission originates from ultrarelatlvlstic 

electrons, as it does in radi'? galaxies, but that the X-rays result from 

first-order Compton scattering of the radio photons. For typical radio 

spectra, with Index a ~ 0.5, the resultant X-ray flux can be related to the 

field B and the geometry through the frequency v^j at which ^synchrotron self- 
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absorption Is manifested in the radio band, l.e. F„ « v ’^F « (where 

X m m 

5 4-2 

B « V 0 F , is the flux thath would be measured at V™ if there were no 
mm® ® 

self-absorption, and 0 is the angular extent of the source on the sky). 

Clearly, the dependences on and 0 are so strong that F^ can easily be fit 
with a spectrum similar in slope to the unscattered radio spectrum. 

The fundamental question of whether the X-rays from AGN are produced by non- 
thermal ultrarelatlvlstic electrons or by Comptonlzation by hot thermal electrons 
may be resolved by observations of their hard X-ray and gamma-ray spectra. The 
sudden onset of rapid pair production processes makes it very unlikely that a 
thermal plasma will have an electron temperature kT^ > 1 MeV (e.g. , Rees 1982; 
Lightraan 1982). Therefore, X-rays produced by thermal Comptonlzation should 


have a break in their spectrum in the range 100 keV ^ E < 10 MeV, while X-ray 
■5‘pectra produced by relativistic electrons may extrapolate smoothly across 
this range. A few extragalactic sources, including NGC 4151, 3G27S, and Gen A 
have been detected at energies ^1 MeV (Dean and Ramsden 1981), but their 
spectra have not been measured accurately enough to determine whether such a 
break exists. 

With synchrotron, SSG and Gomptonized models yielding spectra that are 
indistinguishable at the current sensitivity level, other Information must be 
utilized to further probe the nature of the emission process. The most useful 
constraints for determining the origins of apparently non-thermal spectral format 
are probably provided by measurements of temporal variability. Traditionally, 
the minimum variability timescale has been used to define a minimum source 
dimension, l.e. R ^ cAt. For a source through which the photons must diffuse 
before emerging, the observed timescale for variability will exceed the true 
minimum source dimension by the factor (1 + Tq). Gavallo and Rees (1978) have 
derived a relation between the matter density n interior to R and the minimum 
efficiency e with which it can be converted to radiation implied by the timescale 
for variability in the luminosity L, l.e. lAt « irR n) m^c . Unless there 
is relativistic outflow in the source, the above temporal considerations are 
model-independent (as are a variety of other potential indicators, e.g. 

Gavaliere and Morrison 1980). 

The only temporal variations reliably observed in Seyfert galaxies have 
been from NGG 4151 and NGG 6814. The minimum timescale for variability in 
the former is approximately one day (Mushotzky et al . 1978b), which limits 
the efficiency for radiation production to <1%. NGG 6814, however, with 
measurable variability on timescales of ~100 s, must have e » 10% (Tennant 
et al . 1981). This fast time variability also constrains any SSG model for 
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NGC 68 U to toquir© covitinuovis acceleration or injectloni as the timescale 
for Compton scattering energy loss is much smaller than the R * cAt size 
(note that the energy loss timescale is proportional to the square of the 
variability timescale, so that this conclusion does not apply to NGC 4lSl). 
However, thermal Comptonization models (SXII) encounter SiO such problems and 
will work for both of these sources and most quasars. 

Bh Lac sources differ considerably from Sy I galaxies in two Important 
qualitative respects! they are more variable, and they are powerful radio 
emitters. HL Lace are also the only AGNs known to exhibit pronounced spectral 
variability in X-^rays. The five BL Lacs for which spectra are available from 
llBAO-l and HEAO-2 demonstrate very soft (« > 2) spectra near ~1 keV, and a 
highly variable flat (a 0) high energy extension (Holt 1981s Worrall et al . 
1981). These data ate consistent with sSG models, although with relativistic 
beaming required (Urry and Mushotzky 1982), where the flat high energy 
extension represents the first'-ordet Compton-scattered component of a 
synchrotron spectrum that nwiy extend out to the steep X-ray component. 

Quasars may represent a less nnifonn set than do either Sy 1 or BL Lac 
sources, but much of the evidence is circumstantial. Most quasars are barely 
distingvilshable from Sy 1 galaxies, and are generally labeled the latter if 
evidence far spiral structure in the galaxy is observed (e.g, Wilson and 
Penston 1979); like Sy I’s, most quasars are relatively radio quiet. There 
are only two quasars for which X-ray continuum measurements over a dynamic 
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I range ^10 have been measured! 3C 273 (Worrall et al . 1979), and QSO 0241 

I (Worrall et al . 1980). The cs " 1.0 spectrum of the latter, which is a radio 

j quiet quasar, is only marginally steeper than the a * 0,7 average for Sy Is. 

i The (X « 0.4 spectrum of 3C 273, a radio loud quasar, has a statistical precision 

identifying it as distinctly flatter than the Sy I average. Xamoranl et aX . 


- 43 - 


(1981), ovur t\ smallar dynamic range near -^1 keV, report that an a « 0.4 
spectrum may be typical of radio loud quasars • It is likely that the X-ray 
production and transport meclvanlsum In the radio quiet quasars are similar to 
those in Sy Is, It may be that the radio loud quasars have more in common 
with BL Lacs, in which case their hard spectra may represent first-order 
Gompton scattering of IR photons by relativistic electrons. 

D. The Diffuse X-Ray Background 

The isotropy of the diffuse background (XRB) demands either a truly diffuse 
production mechanism or an origin in discrete sources at earlier epochs. Gowsik 
and Kobetich (1972) noted that the available data could be reasonably well-fit to 
the bremsstrahlung spectrum of a plasma at X 30 keV. Field and Perrenod (1977) 
examined the constraints on a hot intergalactic plasma that might be responsible 
for the XRB, noting the difficulties associated with a truly diffuse model even 
if clumping is taken into account. Setti and Woltjer (1979) argued that a con- 
ventional evolutionary scenario, normalized at the three quasars detectable in X- 
rays with pre - Bins tain sensitivity , would have no trouble exceeding the awsasured 
XRB. Measurements from Einstein of deep surveys (Giacconi et al . 1979b) and 
preselected quasars (Tananbaum et al > 1979) seemed to confirm this convergence 
to an XRB dominated by the contribution from quasars (Giacconi 1980). 

The XRB spectrum is now well-measured in the 3-50 keV band, where it has 
its peak energy density, and is remarkably well-fit by a 40 keV bremsstrahlung 
spectrum (Marshall et al . 1980). These spectral data are not easily recovrclled 
with quasars, or with any other extragalactic sources observed locally. 

Glusters of galaxies are too cool (and too sparse) to be major contributors. 

8L Lacs are also too sparse, as they do not exhibit the evolutionary enhancement 
of quasars; furchormoce, it is only the variable high energy tails of their two- 
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component spectra that might contribute significantly to the energy density of 
the XRB, rather than the steep components wlvich are much more easily detectable 
at ~1 keV. 

Seyferts, with a "• 0.7? have spectra that, while considerably harder than 
the low energy BL Lac components, are still unacceptably soft ^20 keV, wliere the 
40 keV brerasstrahlung spectrum can be approximated by a 0.4. Interestingly, 
the measured luminosity distribution of local Seyferts (Plcclnottl et al . 1982) 
can match the observed low energy gamma-ray background (Kinzer et al . 1978) if 
these spectra are maintained out to ^100 keV. 

If We presume that the radio-quiet quasars (>90% of all quasars) are 
spectrally similar to Sy I's, the difficulty in producing the XRB from quasars 
becomes acute. The consistency of the 3C 273 spectrum with a « 0.4 suggests 
that the radio loud quasars might be important contributors (especially since 
the ~1 keV X-ray luminosity of radio-loud quasars apparently correlates with 
radio luminosity, Zainorani et al . 1981), but the positive detection by Gos-B of 
gamma rays from 3C 273 led Settl and Woltjer (1979) to conclude that 3C 273- 
llke quasars cannot contribute more than ~5% of the XRB without overproducing 
the gamma-ray background. 

Subtracting the "known" contributors, l.e. clusters and Seyferts, 
the remainder of the XRB cannot be easily fit with a distribution of power 
law sources unless they have breaks allowing them to mock an apparent 
bremsstrahiung spectrum (Gavallere et al . 1979; PeZotti et al . 1982). Based 
on radio/optical/ X-ray Correlations, Gavallere et al . (1981) a»;td Kerabhavi and 
Fabian (1982) have concluded that quasars cannot dominate the XRB at ~10 keV 
and >2 keV, respectively. At lower energies, they might easily dominate the 
XRB, but without contributing substantially to the >10 keV energy density 
(Holt 1980c). 


If quasars cannot explain the XRB, what can? A diffuse intetgalactlc 
thermal component can explain the spectrum, but the theoretical Implications 
may be too imposing (Field and Perrenod 1977). The problem would be resolved 
if a now extinct class of emitters with apparently thermal spectra at the 
appropriate temperature exist at an earlier epoch. Bookbinder et al . (1980) 
have suggested that "ordinary" protogalaxies at z > 1, rich in supernovae 
and binary X-ray sources in young OB associations, might well give rise to 
galactic winds at temperatures that would mimic the XRB. Boldt and Leiter 
(1981) have proposed that the protogalaxies of less ordinary types [l.e. those 
(at z « 4) that mature into AGNs] might be responsible. We are unaware of any 
data that can unambiguously resolve this puzzle. 

V. EFFECTS OF STRONG MAGNETIC FIELDS 
A. Physical Processes 

fi Q 

Magnetic fields in the range of 10-10 G on the surfaces of white dwarf 
stars have been inferred from circular polarization and Zeeman splitting of 
their optical spectra (Angel 1978), and fields in the range of lO^^-lO^^ G on 
the surfaces of neutron stars have been inferred from the slowing down of radio 
pulsars (Manchester and Taylor 1977),. from the spin-up of pulsating X-ray 
sources (Ghosh and Lamb 1979), and from X-ray spectral features interpreted 
as cyclotron resonance (Trdmper et al . 1978). Such magnetic fields can 
drastically modify the hydrodynamics of the accretion flow and the spectral 
formation mechanism, and they are essential to the mechanism for X-ray 
pulsations in accreting compact objects. 

By equating the ram pressure of spherically symmetric accretion to the 
magnetic stress of a dipole field, we may estimate a critical surface magnetic 
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fleld, Bq, of a compact object (radius R) , which Is sufficient to affect the 

. 7 1/2 -1/4 -3/4 

dynamics of the accretion flow; w (5 x 10' Rg • The 

radius r^ (the "Alfven radius") where the accretion flow is affected is given 
by rj/R " 

In such fields thermal electrons may radiate very efficiently at the 
cyclotron resonance, Eg. In accreting magnetic white dwarfs, kl'g » Eg, 
and the cyclotron radiation is emitted in many harmonics extending from the 
infrared to the UV. The emission of cyclotron radiation by a distribution of 
thermal electrons is energy dependent and highly anisotropic, and involves 
radiative transfer in optically thick resonance lines (Lamb and Masters 1979; 
Chanmugam 1980; Petrosian 1981). 

In an accreting neutron star the surface magnetic field may be so great 
that Eg is in the X-ray spectral range and comparable to kTg. The transverse 
motion of an electron is quantized with energy level spacing. Eg. This 
quantized motion has dramatic effects on the interaction of radiation with 
matter. For example, Compton scattering discriminates between two polarization 
modes: (1) the extraordinary mode, for which the scattering cross section, 

0 ~ a-j-(E/Eg)^ for E < Eg and which has a strong resonance at Eg; and (2) the 
ordinary mode, which does not have a resonance and is not suppressed at low 
frequencies, but has a strong angular dependence: do/dQ ~ sln^O (Ventura 
1979). 

B. Accreting Magnetic White Dwarf Stars 

These systems are characterized at optical wavelengths by strong (^^10%) 
circular polarization that varies regularly with a period ranging from ~l-3 
hours (Angel 1978). The sources are believed to be white dwarfs with surface 
magnetic fields of ~10^-10® G that are rotating synchronously with the binary 
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perlod and accreting gas from a companion star (Chanmugam and Wagner 1978)# 

The prototype Is AM Her, vrtiose X-ray spectrum (Rothschild et al . 1981) may be 
characterized by three components! a hard (0.5-S0 keV) spectrum that may be 
fit roughly by a bremsstrahlung continuum with kT * 30 keV; an iron emission 
line at ~7 keV with an equivalent width ~800 eV; and a soft (0.15-0.5 keV) 
component that may be fit by a blackbody with kT^ ~ 20-40 eV (Tuohy et al . 
1981). The observed UV continuum (1200-3000 A) is consistent with the same 
blackbody source if kT„ « 28 eV (Raymond et al. 1979), and implies a soft X- 
ray luminosity Lg ~ 3 x 10^^ (D/lOO pc)^ ergs s~^ , which exceeds the hard X- 
ray luminosity, L^j, by a factor ~100. 

Other accreting magnetic white dwarf systems that resemble AM Her in 
their optical and X-ray properties are AN U Ma (Hearn and Marshall 1979) and 
2A 0311-227 (Charles and Mason 1979; Griffiths et al . 1979). The latter 
source has a remarkable modulation of X-ray spectrum with orbital period, in 
which the soft X-rays are totally eclipsed and the hard X-rays are partially 
eclipsed when we are looking directly at the accreting magnetic pole (White 
1981; Patterson et al . 1981). This phenomenon may be Interpreted as 
photoabsorption of X-rays by a magnetically collimated accretion flow. 

Cyclotron emission should play an important role In determining the 
spectrum of an accreting magnetic white dwarf (Lamb and Masters 1979). In 
the shocked accretion column the thermal broadening of the harmonics of the 
cyclotron resonance exceeds the line spacing, and the optical depth in the 
resonances is so great (tj^ ~ 10^ at the fundamental) that the region should 
be opaque from Eg, to a harmonic I* « 10 (T^/lO® K)®*^ Such that x^* w 1, 

where Ay « (4it Ne/lO^ B), and N(cm"'^) is the electron column density (Wada et 
al . 1980). Therefore, the spectrum in the range Eg < E < E* » A*Eg should be a 
Rayleigh- Jeans Law, Fg « E^Tg, and the luminosity of the optically 
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thlck cyclotron radiation is given by •* (2x10^® ergs 8~^)(Tg/l0® 

(B/10® G)^ a, where A (cm^) is the area of the emitting region. When « 

(determined by the accretion rate), optically thin bremssijrahlung should 
dominate the emissivity of the hot gas; roughly half the luminosity should 
appear as an exponential spectrum with a cutoff at kTg kT^^ ~ 60 keV and 
the other half as blackbody radiation from the surface as in the unmagnetized 
accreting white dwarf. But for IxoT*^^ ^ ergs s ^ (B/10® G)®, where f 
is the fraction of the white dwarf surface area encountered by the accretion 
flow, the cyclotron luminosity should dominate at the expense of the luminosity 
and temperature, kT^, of the hard X-ray spectrum. 

With a magnetic field Bq « 1.3x10^ G (Young et al . 1981), AM Her should 

A 

show a strong Raylelgh-Jeans continuum from Ejj 0.13 eV to E -v 3 eV due to 
cyclotron radiation, with a brightness temperature kT^ ~ 20-60 keV . This 
mechanism probably accounts for the strongly polarized optical continuum 
radiation of AM Her. However, it is very puzzling that the ratio Lg (28 eV)/l^j 
(30 keV) « 100. One possible explanation Is that the hot emitting region is 
largely obscured by the cooler unshocked accretion flow, so that most of the 
hard X-rays are thermallzed and reradiated at a cooler temperature kTg. 
Alternatively, the soft X-ray luminosity may be due to steady thermonuclear 
burning of the accreting gas (Weast et al . 1979; Fabbiano et al . 1981) • 

C, Accreting Magnetized Neutron Stars 

Basko and Sunyaev (1975) showed how anisotropies associated with the 
radiative transfer in strong magnetic fields might lead to the beaming pattern 
of pulsating X-'ray sources; they also pointed out the possibility Of a strong 
emission line in the X-ray spectrum at Eg. Subsequently, a feature at ~58 keV 
was detected in the spectrum of Her X-1 (Triimper et al . 1978; Gruber et al . 
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1980), whose Interpretation as a cyclotron resonance implied a neutron star 
surface magnetic field of ~6 x iO G, allowing for gravitational redshift. 
Similar spectral features in the range 20-50 keV may have been detected in the 
spectra of other pulsating X-ray sources (Pravdo et al . 1979; Wlieaton et al . 
1979; Rose et al . 1979) and of gamma ray burst sources (Mazets et al . 1981)# 

If these spectral features are indeed due to cyclotron resonance, they provide 
the first direct measurements of neutron star magnetic fields and offer the 
exciting possibility of using the spectra of the pulsating X-ray sources to 
infer the physical conditions and geometry of the emitting regions at the 
surface of an accreting magnetized neutron star. 

The proper modeling of the Interrelated problems of the hydrodynamics of 
the accretion flow, the kinetic theory of the emitting region, and the 
radiative transfer of the X-rays is far from solved, even for highly idealized 
source models. Indeed, it is not even known whether the radiation should 
emerge in a pencil beam or a fan beam, or whether the feature observed in 
the spectrum of Her X-1 should be interpreted as an emission line at ~58 keV 
or an absorption line at <^45 keV (Lamb 1977). Despite these difficulties, 
considerable progress has been made toward developing the theory of radiative 
transfer in strong magnetic fields and studies of model problems have yielded 
some valuable insights (Wasserman and Salpeter 1980; Nagel 1981a, b; Meszaros 
and Bonazzola 1981; Pravdo and Bussard 1981; and references therein). These 
calculations refer to an idealized model of a uniform isothermal slab of gas, 
so that the beaming pattern arises entirely from the anisotropy of the cross 
sections. The cyclotron resonance line is formed much closer to the surface 
of the emitting region than the continuum. If the region is optically thin in 
the continuum, the line is likely to appear in emission, but otherwise it is 
likely to be an absorption line. The formation of the resonance line depends 


critically on frequency redistribution; line radiation escapes priraarily 
by diffusing to the wings. Therefore^ the width of the line depends on the 
optical depth of the emitting region. It is essential to keep track of the 
polarization because mode conversion may play a critical role in the spectral 
formation. At lower frequencies the extraordinary mode is formed deeper in 
the atmosphere than the ordinary mode, but at the resonance the opposite is 
true. Therefore, one would expect the beam shape, hence the pulse profile, 
to change dramatically with frequency. 

These effects may be responsible for the dramatic variations of pulse 
profile with photon energy that have been observed in a few sources such 
as A0535+26 (Bradt et al . 1976), 4U 0900-40 (McCllntock et al. 1976), and 
4U 1626-67 (Pravdo et al . 1979). However, attempts to compare the present 
theoretical models based on Isothermal slabs with the observed pulse spectra 
are certainly rudimentary. For one thing, the spectrum and angular distribution 
depend critically on temperature gradients in the emitting region, which in 
turn depend on the mechanism for deposition of energy by the Infalllng gas. 

It is still uncertain whether the Infalllng particles are stopped in a shock 
by nuclear collisions, in which case the energy is deposited at a Compton 
optical depth Tq « 50 (Basko and Sunyaev 1975), by Coulomb collisions with 
ions at a Compton optical depth Tq ~ 1 (Kirk and Galloway 1981), or without 
a shock by the pressure of the emergent radiation. Furthermore, the pulse 
profile will certainly depend on the geometry of the emitting region, and 
hence on the solution of the hydrodynamic problem. The emitting region may 
not resemble a slab at all; for example, it may be a hollow funnel (Basko and 
Sunyaev 1975). The absence of reflection symmetry in the observed pulse 
profiles implies a lack of azimuthal symmetry in the emitting region, so the 
geometry is likely to be very complicated. 
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it appears that the understanding of the emitting regions of the pulsating 
X-tay sources will require a concerted program of theoretical studies and 
spectrally resolved observations of pulse profiles. Observations of the 
polarized spectra of the X-ray pulsations In particular may yield useful clues 
to the physics of these remarkable sources. 


VI. CONCLUSIONS 

The development of experiments with higher resolving power for X-ray 
astronomical spectroscopy will have Its most obvious application to optically 
thin sources (§11). The gas In galaxy clusters is so hot and tenuous that the 
large fraction of the spectroscopic Information available can be obtained from 
the separation of the Ionization states of iron. For this task, relatively 
modest resolving power (R ■ E/AE ~ 100) is adequate, so that dispersive 
devices may not be required to extract the essential facts. 

For lower temperatures and higher densities, higher resolving power 
becomes more Important. For stellar coronae, where the densities are high 
enough to assure that we are observing near-equlllbrlum conditions, we have the 
full range of temperature and density diagnostics described In §11/ For these 
sources, therefore, R > 100 is required to extract an Important fraction of the 
available spectroscopic information. In the case of supernova remnants, the 
most pressing need Is for detailed lonlzatlon-hydrodynamic-coupled calculations 
to explain the present data, since most of the spectroscopic effects already 
observed are not adequately explained. Spatially resolved spectral observations 
are required to distinguish between the spectral components from supernova 
ejecta and Interstellar gas, and to address the complex shock geometry that 
may result from Interstellar clouds. 


-52- 

The galactic binary X-ray sources are diverse In nature, Including white 
dwarfs and neutron stars with and without strong magnetic fields, and probably 
black holes as well. They display a rich variety of temporal and spectral 
behavior. By virtue of continued observations with several X-ray experiments, 
patterns have begun to emerge that may enable us to understand the physics of 
the accretion flow and X-ray emission In these sources and the nature of the 
different classes of sources. The most revealing kinds of observations may be 
those of spectral variability on timescales ranging from milliseconds to years. 
There Is a clear need for more Intensive and extensive observations of the type 
that have already been done with proportional counters of modest (R ~ 7) spectral 
resolution, but greater area cm^) Is required to achieve the necessary 

sensitivity. An extended spectral range (to ^50 keV) will be especially 
valuable for understanding pulse formation In magnetized neutron stars and in 
accretion, disk coronae around neutron stars and black hole candidates. Soft 
(~0.2-l keV) X-ray spectral capability with R ^ 10 will provide vital dues 
to the nature of accretion disks and the magnetosphere of accreting neutron 
stars, and to the X-ray emission region of accreting white dwarfs. 

The spectral structure at ~6-8 keV due to Iron K-fluorescence and 
absorption can be used to infer ionization, temperature, velocity, and geometry 
of gas near compact galactic and extragalactic X-ray sources. The observed 
features are prominent, but the resolving power available up to now (R 7) 
has been adequate only to prove the potential of these features as physical 
diagnostics. With a resolving power of R 50 (feasible even with non- 
dlsperslve detectors), spectral observations of Iron lines will become a 
powerful tool for understanding accretion flows onto compact objects. More 
resolving power can be most useful as a probe of material in the llne-of- 
sight to the continuum source (rather than the continuum source itself), as 
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evldenccd by the present modeling of Iron ebsocption and reemission from cold 
clouds in NGG 4151 . 

Both the Comptonlssed sources of SIH and the high energy sources of SIV 
are characterised primarily by continue, so that high resolution may be less 
Important than eKtended bandwidth for studying the source spectra directly, 

Since most of the active galactic nuclei spectra we observe have a < 1, it is 
clear that observations at energies higher than the traditional X-ray band ace 
required in order to constrain their total power output. 

The extent to which active galactic nuclei contribute to the diffuse X-ray 
background will remain an open issue until such time as the sensitivity exists to 
measure the spectra of a sample of AGN at z > 1 at energies ^10 keV. Anything 
less restricts us to inconclusive consistency arguments about extrapolated spectra. 
It is true that any potential diffuse X-ray-eraltting hot gas cannot be sufficiently 
dense to close the Universe by itself, but the present limits on the contribution to 
the measured X-ray background from a hot intergalactlc medium, from quasars, or from 
a new kind of protogalaxy not presently observed at the current epoch, ace 
not sufficient to firmly establish the origin of the XRB. 

The new science of cosmic X-ray spectroscopy has already given us 
important insights into a very broad range of astronomical phenomena. 

Technology is advancing rapidly, so that large (> 10) gains in sensitivity and 
resolving powers are probable with the next generation of X-ray telescopes. 

These advances may provide the essential tools for understanding the physical 
conditions in the exotic and fascinating sources that comprise the X-ray sky. 
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FIGURE CAPTIONS 

Pig. U Data from an axpoaure to the Perseus cluster of galaxies with the 
HEAO-1 A2 proportional counter experiment. The lower points, for 
which the right-hand scale Is appropriate, are the raw data In energy- 
equivalent pulse-height channels. The higher points, for which the 
left-hand scale Is appropriate, represent the most probable input 
spectrum consistent with the assumption of an equilibrium thermal 
spectrum. Note, In particular, that the and Fe emission lines 
at 6.7 keV and 7.9 keV can be enhanced for display by this model- 
dependent spectral inversion process. 

Fig. 2. A comparison of actual raw data from Tycho's SNR taken with the 

Einstein SSS and an Idealized Input spectrum. The data can be fit 
equally well with Sedov and two-teraperature-eqis.iilbrlum modeling, 
provided that the abundances of the even-Z elements are free 
parameters. The Idealized Input spectrum represents the dominant 
kT ■ 0.5 keV component of the two-temperature fit, but with the 
abundances fixed at solar proportions. The shaded area represents 
the contribution from 7e-L-blend emission at this temperature, and 
the blackened area represents the contribution from Sl-K-emlsslon 
components. To facilitate comparison with the raw data (where the 
abscissa should properly be energy-equivalent pulse-height), the 
idealized input spectrum is viewed through a column density of 2 x 
10 atoms cm • Both the data and model are displayed in 46 eV 
bins, with the latter smeared to an effective resolution with 
FWHM ~ bin width (l.e., ~3 times better than the actual SSS FWHM 
resolution). The and transitions of helium-llke Ions of Mg, 

SI, S, Ar, and Ca Indicated on the model spectrum are clearly evident 
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In the data. The two-teraperature equilibrium fit of Becker et al . 

(19S0a) to these data has 0.5 keV as the lower temperature, and 4 keV 
as the higher. Since most of the K-emisslon arises from the lower 
temperature plasma, it is clear that marked overabundances in the 

¥ 

line-emitting species are required for consistency with the two- 

temperature model . w 

Fig. 3. Einstein FPCS spectrum from Puppls A, from Wlnckler et al . (1981). 

Note, in particular, the ability of a spectrometer with E/AE ~ 100 to 
separate the resonance (R) , intercorabinatlon (l) and forbidden (F) 
components of the Ne XX line blend near 0.9 keV. 

Fig. 4. Composite X-ray spectrum of Her X-1 as a function of 1.24 s pulse 
phase, from McCray et al . (1982). Solid curve; time-averaged 
spectrum, showing an excess of soft (E 0 keV) X-rays, a nearly 
power-law (a « 0.5) continuum for 2 ^ E ^ 20 keV, an iron emission 
line at E » 7 keV, a break in the spectrum for E > 20 keV, and 
structure at E » 50 keV that is suggestive of electron cyclotron 
resonance. Dashed and dotted curves: spectra at the maximum ((j> = 

0.85) and near the minimum ((j> = 0.48), respectively, of the hard X- 
ray pulse, showing that the peak intensities of the soft X-ray pulse 
and iron line emission are out of phase with the hard X-ray pulse. 
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